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Abstract
The gas phase standard state (298.15 K, 1 atm) isomerization enthalpy
(∆isomH
◦
(g)) prediction performance of the major semiempirical, ab initio,
and density functional levels of theory was investigated using the linear to
branched heptanes. The M062X density functional, MP2 (and higher) levels
of Moller-Plesset perturbation theory, and the CBS and Gaussian-n compos-
ite methods are best suited for thermodynamic studies of alkane derivative
isomerizations expected during the processing of petroleum, biomass, coal,
or other fuels. Where large molecular systems prohibit the use of higher
levels of theory, the PM6 and PDDG semiempirical methods may offer an
appropriate computational cost-accuracy compromise. Non-M062X density
functionals are not recommended for theoretical studies of alkane derivative
isomerizations.
Keywords: Isomerization enthalpies, Heptanes, Theoretical methods,
Benchmarking
1. Introduction
During petroleum cracking, hydrocracking, and catalytic reforming, iso-
merization reactions occur that convert linear alkanes into branched chain,
cyclic, and aromatic derivatives.[1] Analogous isomerizations occur during
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the thermal processing of coal and biomass into liquid and gaseous fuels.[2–
4] Computational methods are widely employed to study the corresponding
reaction thermodynamics and kinetics, often to acquire additional supporting
data, because the systems are difficult and expensive to study experimentally,
or because the theoretical approaches are being used to model proposed fuel
processing technologies. In many cases, particularly with heavy petroleum
feeds, biomass, and coal, the molecules under study are too computationally
expensive for accurate high level Complete Basis Set (CBS),[5, 6] Gaussian-
n,[7, 8] or W1/W2 [9, 10] methods to be applied, and less expensive density
functional theory (DFT) or semiempirical approaches need to be used.
Because of rapid advances in computing power, the number of research
groups working in the field, and academic and industrial demand for theo-
retical studies, the past two decades have seen a large increase in the number
of density functionals widely available in commercial software packages, as
well as the evolution of new semiempirical, CBS, and Gaussian-n methods.
However, an emerging awareness of the opportunities and limitations of these
methods recognizes that not all model chemistries offer equal, or satisfactory,
accuracy for a particular theoretical task.[11–19] The problems are especially
acute for isomerization enthalpies of compounds relevant to the fuel process-
ing industry, where some DFT and semiempirical methods exhibit severe
errors.[20–23] In previous work, we demonstrated that the alkane derivative
branching errors in gas phase standard state (298.15 K, 1 atm) isomerization
enthalpies (∆isomH
◦
(g)) for the popular B3LYP density functional do not be-
come clear until chain lengths of 5 to 6 carbons and higher.[24] In contrast,
newer density functionals such as the M062X model chemistry, recently de-
veloped semiempirical methods (e.g., PDDG and PM6), and the CBS and
Gaussian-n level composite methods do not exhibit an abrupt increase in
alkane derivative ∆isomH
◦
(g) errors over this homolog range.[25]
Consequently, comprehensive benchmarking studies for alkane derivative
branching ∆isomH
◦
(g) across a broad number of theoretical methods are most
readily conducted on the heptanes. A sufficient number (n=9; Fig. 1) of
straight chain and branched heptane isomers are available for error analyses,
the individual compounds incur only modest computational expense even
using CBS and Gaussian-n composite methods, the number of isomers in
the C7 alkane homolog is not excessively large such that an investigation
of the major semiempirical, ab initio, and density functional theory model



































and branching errors are known to manifest themselves prior to reaching this
homolog group. To help ground future theoretical studies on fuel processing,
and guide efforts in assessing the accuracy of historical investigations, the
current work examines the linear to branched heptane ∆isomH
◦
(g) prediction
capability of the major semiempirical, ab initio, and DFT levels of theory.
2. Material and Methods
Calculations were conducted using Gaussian 09 [26] on theWestern Canada
Research Grid (WestGrid; project 100185 [K. Forest]) and the Shared Hi-
erarchical Academic Research Computing Network (SHARCNET; project
sn4612 [K. Forest]), both within the umbrella of Compute/Calcul Canada.
All calculations used the same gas phase starting geometries obtained with
the PM6 semiempirical method [27] as implemented in MOPAC 2009 (http:
//www.openmopac.net/; v. 9.281). Semiempirical calculations used the
AM1,[28, 29] PM3/PM3MM, [30, 31] PM6,[27] and PDDG [13, 19, 32] meth-
ods as reimplemented [33] in Gaussian 09.
Density functional theory (DFT) calculations used the B3LYP [34–36] hy-
brid density functional with the STO-3G,[37, 38] 3-21+G,[39–41] 6-21G**,[39,
40] 4-31G**, [42–45] 6-31++G(d,p) and 6-311++G(d,p),[42–47] D95++(d,p)
and D95V++(d,p),[48] SHC*,[48, 49] CEP-4G*, CEP-31G*, and CEP-121G*,
[50] LanL2MB,[37, 38, 51, 52] LanL2DZ,[48, 51, 52] SDDAll,[48, 53] aug-
cc-pVDZ and aug-cc-pVTZ,[54–58] SV, SVP, and TZVP,[59, 60] QZVP,[61]
MIDI!,[62] EPR-III, MTSmall,[9] DGDZVP, DGDZVP2, and DGTZVP,[63,
64] and CBSB7++ [65] basis sets, the HCTH/407 [66–68] standalone density
functional, and the B98,[69, 70] mPW1LYP,[35, 36, 71] and M062X [72] hy-
brid density functionals, with the CEP-4G*,[50] 6-311++G(d,p),[42–47] and
aug-cc-pVDZ and aug-cc-pVTZ [54–58] basis sets, and the B3P86,[34, 73]
B3PW91,[34, 74–76] B1B95,[77, 78] mPW1PW91,[71, 74–76] mPW1PBE,[71,
79, 80] mPW3PBE,[71, 79, 80] B971,[66] B972,[81] PBE1PBE,[79, 80, 82]
B1LYP, [35, 36, 77] O3LYP,[35, 36, 83] BMK,[84] M06,[72] M06HF,[85, 86]
τHCTHhyb,[68] HSEh1PBE and HSE2PBE,[79, 80, 87–93] PBEh1PBE,[79,
80, 94] HFS,[95, 96] HFB,[77] X3LYP,[35, 36, 97] and TPSSh [98] hybrid den-
sity functionals, the VSXC,[99] HCTH/93, HCTH/147, and HCTH/407,[66–
68] τHCTH,[68], M06L,[100] and B97D [101] standalone density functionals,
the BHandH and BHandHLYP half-and-half density functionals, and the LC-



































wB97 [108] long range corrected density functionals with the CEP-4G*,[50]
6-311++G(d,p),[42–47] and aug-cc-pVDZ [54–58] basis sets.
Ab initio Hartree-Fock (HF) calculations were conducted using the CEP-
4G*,[50] 6-311++G(d,p),[42–47] and aug-cc-pVDZ and aug-cc-pVTZ,[54–58]
basis sets. Second order Moller-Plesset perturbation theory (MP2) [109–
112] calculations used the CEP-4G*,[50] 6-311++G(d,p),[42–47] and aug-cc-
pVDZ [54–58] basis sets. Complete Basis Set (CBS) [5, 6, 113–118] calcu-
lations used the CBS-4M,[6, 118] CBS-Q//B3,[5, 6] and CBS-APNO [118]
methods. Gaussian-n calculations used the Gaussian-1 (G1),[119, 120] Gaussian-
2 (G2),[121] G2MP2,[122] Gaussian-3 (G3),[123] G3MP2,[124] G3B3,[125]
G3MP2B3,[125] G4,[7] and G4MP2 [8] methods.
All optimized structures were confirmed as true minima by vibrational
analysis at the same level. Gas phase standard state (1 atm, 298.15 K)
isomerization enthalpies (∆isomH
◦
(g)) include zero point and thermal correc-
tions. Only the lowest energy conformation of each molecule was considered
for ∆isomH
◦
(g) calculations. The following gas phase standard state (1 atm,
298.15 K) experimental enthalpies of formation ∆fH
◦
(g) were obtained from
ref. [126] and used to calculate corresponding ∆isomH
◦
(g): n-heptane (1), -
44.8 kcal/mol; 2-methylhexane (2), -46.5 kcal/mol; 3-methylhexane (3), -45.7
kcal/mol; 2,2’-dimethylpentane (4), -49.2 kcal/mol; 2,3-dimethylpentane (5),
-47.5 kcal/mol; 2,4-dimethylpentane (6), -48.2 kcal/mol; 3,3’-dimethylpentane
(7), -48.0 kcal/mol; 3-ethylpentane (8), -45.3 kcal/mol; and 2,2’,3-trimethyl-
butane (9), -48.9 kcal/mol.
Bond [18] has recently reanalyzed the ∆fH
◦
(g) of the heptanes (as part
of a larger study on computational hydrocarbon thermochemistry) and put
forward the following high level computationally ’corrected’ ∆fH
◦
(g): 1, -44.7
kcal/mol; 2, -46.3 kcal/mol; 3, -45.7 kcal/mol; 4, -49.2 kcal/mol; 5, -46.5
kcal/mol; 6, -48.3 kcal/mol; 7, -47.6 kcal/mol; 8, -45.0 kcal/mol; and 9,
-49.0 kcal/mol. The mean absolute deviation between the CRC [126] and
Bond ’corrected’ [18] ∆fH
◦
(g) for these nine heptane isomers is 0.3 kcal/mol,
with a maximum deviation of 1.0 kcal/mol, resulting in similar mean abso-
lute and maximum deviations between the corresponding linear to branched
experimental ∆isomH
◦
(g). With the various computational methods employed
herein, we found that the use of the CRC [126] or Bond ’corrected’ [18]
∆isomH
◦
(g) resulted in mean unsigned errors that did not differ by more than
±0.2 kcal/mol from each other. As a result, we chose to report the calculated
∆isomH
◦






































3. Results and Discussion
Our ∆isomH
◦
(g) theoretical studies on the heptanes began with an investi-
gation into the predictive performance of the B3LYP functional with levels of
the major basis sets available in Gaussian 09. For the majority of basis sets,
the B3LYP functional displays a linear to branched heptane ∆isomH
◦
(g) mean
unsigned error (MUE) between 4 and 5 kcal/mol (Table 1). The 3-21+G
(2.1 kcal/mol), SHC* (3.9 kcal/mol), CEP-31G* (3.6 kcal/mol), LanL2DZ
(3.9 kcal/mol), and MIDI! (2.3 kcal/mol) basis sets have lower MUEs, but
still beyond chemical accuracy (≤ 1 kcal/mol). Only the low-level CEP-4G*
(MUE=0.9 kcal/mol) achieves heptane ∆isomH
◦
(g) chemical accuracy with the
B3LYP functional.
Using the CEP-4G* basis set, as well as the popular 6-311++G(d,p)
Pople-type and aug-cc-pVDZ Dunning-type basis sets, heptane ∆isomH
◦
(g)
were calculated using the Hartree-Fock and second-order Moller-Plesset per-
turbation theory (MP2) model chemistries, as well as forms of the major
hybrid, standalone, half-and-half, and long range corrected density function-
als in Gaussian 09. With the exception of the M06 (M06, M06HF, M062X,
and M06L) and B97 (B97D, wB97, wB97X, and wB97XD) families of density
functionals, as well as the HFS, VSXC, BHandH, and MP2 methods, all other
model chemistries exhibited higher ∆isomH
◦
(g) MUEs with increasing basis set
size (Table 2). Thus, the majority of model chemistries obtain a more correct
answer for an incorrect reason (i.e., lower ∆isomH
◦
(g) MUEs with less complete
basis sets). The lower errors observed with the relatively incomplete CEP-
4G* basis set (relative to the 6-311++G(d,p) and aug-cc-pVDZ basis sets)
are particularly evident for hybrid density functionals employing the -LYP
correlation functional of Lee, Yang, and Parr (e.g., B3LYP [0.9], X3LYP
[1.1], B1LYP [0.8], O3LYP [0.7], mPW1LYP [1.1], BHandHLYP [1.5], and
CAM-B3LYP [1.6]; MUEs using the CEP-4G* basis set in kcal/mol given
in brackets). Only the M06 and B97 DFT families and the HFS, VSXC,
BHandH, and MP2 methods achieve a more correct answer for the correct
reason (i.e., reduction in ∆isomH
◦
(g) MUEs with more complete basis sets).
Even with the error reduction (MUEs of 14.1, 10.1, and 10.0 kcal/mol using
the CEP-4G*, 6-311++G(d,p), and aug-cc-pVDZ basis sets, respectively)



































tional is generally not suited for isomerization enthalpy analyses of alkanes
due to the large remaining errors irrespective of basis set size.
For the M062X functional, there is a notable difference in the ∆isomH
◦
(g)
errors between the 6-311++G(d,p) (MUE=0.8 kcal/mol) and aug-cc-pVDZ
(MUE=3.6 kcal/mol) basis sets, a divergence that is not evident in other
members of the M06 family. When the more complete aug-cc-pVTZ basis
set is used, the M062X function recovers its predictive accuracy (∆isomH
◦
(g)
MUE [RMSE] (MSE) of 0.9 [1.2] (0.8) kcal/mol). For other representative
model chemistries, there is little difference between their 6-311++G(d,p) and
aug-cc-pVDZ ∆isomH
◦
(g) errors and the following errors obtained with the
aug-cc-pVTZ basis set (values presented as MUE [RMSE] (MSE) in units
of kcal/mol): HF/aug-cc-pVTZ, 6.2 [6.6] (6.2); B3LYP/aug-cc-pVTZ, 4.8
[5.1] (4.8); HCTH/407/aug-cc-pVTZ, 6.2 [6.6] (6.2); B98/aug-cc-pVTZ, 4.3
[4.6] (4.3); and mPW1LYP/aug-cc-pVTZ, 4.5 [4.8] (4.5). Calculations at the
MP2/aug-cc-pVTZ level of theory were sufficiently expensive that they were
not completed for comparison with the MP2/6-311++G(d,p) and MP2/aug-
cc-pVDZ results given in Table 2.
Among the low (semiempirical methods) and high (composite methods)
computational expense end members, all Gaussian-n methods (G1, G2, G2MP2,
G3, G3MP2, G3B3, G3MP2B3, G4, and G4MP2) and the CBS-Q//B3
method achieve chemically accurate heptane ∆isomH
◦
(g) MUEs of 0.8 to 0.9
kcal/mol (Table 3). The less expensive CBS-4M composite method has a
slightly higher MUE of 1.2 kcal/mol, and the PM6 and PDDG semiempiri-
cal methods achieve near chemical accuracy (MUEs of 1.3 and 1.1 kcal/mol,
respectively). The legacy AM1 semiempirical method displays gross isomer-
ization errors, resulting in a MUE of 8.8 kcal/mol, while the PM3/PM3MM
methods each have MUEs of 3.9 kcal/mol that are comparable to most DFT
functionals using the 6-311++G(d,p) and aug-cc-pVDZ basis sets. 2,2,3-
Trimethylbutane could not be converged using a tight convergence criterion
with the CBS-APNO method, precluding a complete comparative error anal-
ysis with the other levels of theory. However, for the linear to branched
∆isomH
◦
(g) of the other 8 heptane isomers (i.e., 7 isomerization reactions),
the CBS-APNO method achieved ∆isomH
◦
(g) errors within ±0.2 kcal/mol of
the CBS-4M method and within ±0.4 kcal/mol of the CBS-Q//B3 method,
yielding MUE [RMSE] (MSE) of 1.2 [1.5] (1.2) kcal/mol that are equivalent




































A comprehensive survey of heptane ∆isomH
◦
(g) predicton capability by
the major semiempirical, ab initio, and DFT model chemistries indicates
the M062X, MP2 (and higher orders of Moller-Plesset perturbation theory),
CBS, and Gaussian-n methods are best suited for thermochemical studies of
alkane derivative isomerizations expected during the processing of petroleum,
biomass, coal, or other fuels. For larger molecular systems, the reasonable
performance of the PM6 and PDDG semiempirical methods may be an ap-
propriate cost-accuracy compromise. For systems that are too large for com-
posite methods - but still tractable at DFT levels of theory - the M062X
density functional with a modest basis set size (6-311++G(d,p) provides
near CBS/Gaussian-n level accuracy at much lower computational cost. Due
to their less than chemical accuracy, the use of non-M062X density func-
tionals for studies into the thermodynamics of alkane isomerizations is not
recommended.
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Table 1: Calculated ∆isomH
◦
(g) errors for the isomerization of linear to branched heptanes
using the B3LYP functional with various basis sets. Values are in kcal/mol and presented
as mean unsigned error [root mean squared error] (mean signed error).
basis set
STO-3G 4.5 [4.8] (4.5)
3-21+G 2.1 [2.4] (2.1)
6-21G** 4.0 [4.3] (4.0)
4-31G** 4.5 [4.8] (4.5)
6-31++G(d,p) 4.7 [5.0] (4.7)
6-311++G(d,p) 4.6 [4.9] (4.6)
D95++(d,p) 4.4 [4.7] (4.4)
D95V++(d,p) 4.5 [4.7] (4.5)
SHC* 3.9 [4.1] (3.9)
CEP-4G* 0.9 [1.2] (-0.6)
CEP-31G* 3.6 [3.8] (3.6)
CEP-121G* 4.4 [4.6] (4.4)
LanL2MB 4.5 [4.8] (4.5)
LanL2DZ 3.9 [4.1] (3.9)
SDDAll 4.2 [4.4] (4.2)
aug-cc-pVDZ 4.3 [4.6] (4.3)
aug-cc-pVTZ 4.8 [5.1] (4.8)
SV 4.6 [4.9] (4.6)
SVP 4.9 [5.2] (4.9)
TZVP 4.7 [5.0] (4.7)
QZVP 4.3 [4.5] (4.3)
MIDI! 2.3 [2.5] (2.3)
EPR-III 4.9 [5.2] (4.9)
MTSmall 4.9 [5.2] (4.9)
DGDZVP 4.8 [5.1] (4.8)
DGDZVP2 4.2 [4.5] (4.2)
DGTZVP 4.6 [4.9] (4.6)



































Table 2: Calculated ∆isomH
◦
(g) errors for the isomerization of linear to branched heptanes
using the CEP-4G*, 6-311++G(d,p), and aug-cc-pVDZ basis sets with various model
chemistries. Values are in kcal/mol and presented as mean unsigned error [root mean
squared error] (mean signed error).
CEP-4G* 6-311++G(d,p) aug-cc-pVDZ
HF 1.0 [1.2] (-0.3) 5.8 [6.1] (5.8) 6.0 [6.6] (6.0)
hybrid density functionals
B3LYP 0.9 [1.2] (-0.6) 4.6 [4.9] (4.6) 4.4 [5.0] (4.4)
X3LYP 1.1 [1.4] (-0.9) 4.3 [4.9] (4.3) 4.1 [4.7] (4.1)
B1LYP 0.8 [1.1] (-0.4) 4.7 [5.3] (4.7) 4.5 [5.1] (4.5)
O3LYP 0.7 [1.0] (0.6) 6.3 [7.0] (6.3) 6.4 [7.0] (6.4)
mPW1LYP 1.1 [1.4] (-0.9) 4.3 [4.5] (4.3) 4.1 [4.7] (4.1)
B1B95 2.5 [3.0] (-2.5) 3.3 [3.8] (3.1) 3.3 [3.8] (3.2)
B971 1.2 [1.6] (-1.1) 3.8 [4.4] (3.8) 3.7 [4.4] (3.7)
B972 1.4 [1.8] (-1.2) 4.7 [5.3] (4.7) 4.7 [5.3] (4.7)
B98 1.0 [1.3] (-0.8) 4.0 [4.2] (4.0) 3.9 [4.6] (3.9)
B3P86 1.8 [2.3] (-1.8) 3.6 [4.3] (3.6) 3.6 [4.2] (3.5)
B3PW91 1.3 [1.7] (-1.2) 4.3 [4.9] (4.3) 4.3 [4.9] (4.3)
mPW1PW91 1.7 [2.3] (-1.7) 3.8 [4.5] (3.8) 3.9 [4.5] (3.9)
mPW1PBE 1.8 [2.3] (-1.8) 3.8 [4.4] (3.8) 3.9 [4.5] (3.9)
mPW3PBE 1.6 [2.1] (-1.6) 3.8 [4.5] (3.8) 3.9 [4.5] (3.9)
PBE1PBE 2.1 [2.7] (-2.1) 3.5 [4.1] (3.4) 3.6 [4.1] (3.4)
BMK 1.4 [1.7] (1.4) 3.2 [3.7] (3.0) 3.1 [3.6] (2.8)
M06 4.9 [5.5] (-4.9) 1.7 [2.4] (0.8) 1.8 [2.5] (0.6)
M06HF 3.9 [4.4] (-3.9) 2.1 [2.7] (-1.2) 2.3 [2.8] (-1.6)
M062X 4.1 [4.7] (-4.1) 0.8 [1.0] (0.4) 3.6 [6.1] (2.5)
τHCTHhyb 1.2 [1.5] (-1.0) 3.8 [4.5] (3.8) 3.8 [4.4] (3.8)
HSEh1PBE 2.2 [2.7] (-2.2) 3.5 [4.0] (3.3) 3.5 [4.0] (3.3)
HSE2PBE 2.2 [2.7] (-2.2) 3.5 [4.1] (3.4) 3.5 [4.1] (3.4)
PBEh1PBE 2.2 [2.7] (-2.2) 3.4 [4.0] (3.3) 3.5 [4.0] (3.3)
HFS 2.6 [3.1] (-2.6) 1.6 [2.3] (0.7) 1.6 [2.2] (0.6)
HFB 3.0 [3.2] (3.0) 7.2 [7.8] (7.2) 6.9 [7.6] (6.9)
TPSSh 1.7 [2.2] (-1.6) 3.9 [4.5] (3.9) 4.0 [4.6] (4.0)
standalone density functionals
VSXC 14.1 [15.1] (-14.1) 10.1 [11.0] (-10.1) 10.0 [10.9] (-10.0)
HCTH/93 0.9 [1.2] (0.9) 6.7 [7.3] (6.7) 6.7 [7.3] (6.7)
HCTH/147 0.8 [1.0] (-0.2) 5.5 [6.1] (5.5) 5.4 [6.0] (5.4)
HCTH/407 0.8 [0.9] (0.0) 6.1 [6.8] (6.1) 6.0 [6.7] (6.0)
τHCTH 0.9 [1.0] (-0.3) 5.5 [6.1] (5.5) 5.5 [6.1] (5.5)
M06L 5.1 [5.6] (-5.1) 2.3 [2.7] (1.8) 2.3 [2.7] (1.9)
B97D 4.0 [4.5] (-4.0) 1.8 [2.3] (1.0) 1.7 [2.3] (0.9)
half-and-half density functionals
BHandH 4.7 [5.3] (-4.7) 1.7 [2.3] (0.5) 1.6 [2.3] (0.6)
BHandHLYP 1.5 [2.0] (-1.4) 4.3 [4.9] (4.3) 4.2 [4.8] (4.2)
long range corrected density functionals
LC-wPBE 2.8 [3.4] (-2.8) 3.1 [3.6] (2.9) 3.3 [3.9] (3.1)
CAM-B3LYP 1.6 [2.1] (-1.6) 3.6 [4.2] (3.5) 3.6 [4.1] (3.4)
wB97 3.7 [4.2] (-3.7) 2.4 [2.8] (1.7) 2.4 [2.8] (1.7)
wB97X 3.4 [3.9] (-3.4) 2.5 [2.9] (1.8) 2.8 [3.2] (2.1)
wB97XD 3.0 [3.6] (-3.0) 2.8 [3.2] (2.2) 2.5 [2.9] (1.7)



































Table 3: Calculated ∆isomH
◦
(g) errors for the isomerization of linear to branched heptanes
using the major semiempirical and ab initio post-Hartree-Fock CBS-x and Gaussian-n
composite methods. Values are in kcal/mol and presented as mean unsigned error [root
mean squared error] (mean signed error).
Semiempirical methods
AM1 8.8 [9.5] (8.8)
PM3 3.9 [4.2] (3.9)
PM3MM 3.9 [4.2] (3.9)
PM6 1.3 [1.4] (1.3)
PDDG 1.1 [1.4] (1.1)
Complete Basis Set (CBS) methods
CBS-4M 1.2 [1.5] (1.2)
CBS-Q//B3 0.9 [1.3] (0.9)
Gaussian-n methods
G1 0.8 [1.1] (0.6)
G2 0.8 [1.1] (0.7)
G2MP2 0.8 [1.1] (0.7)
G3 0.9 [1.2] (0.8)
G3MP2 0.9 [1.2] (0.8)
G3B3 0.9 [1.2] (0.9)
G3MP2B3 0.8 [1.2] (0.8)
G4 0.8 [1.2] (0.8)
G4MP2 0.8 [1.1] (0.7)
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